INTRODUCTION {#s1}
============

Cells traversed by direct irradiation can be affected biologically; non-traversed adjacent cells are also affected by a biological response called the radiation-induced bystander effect (RIBE) \[[@RRV039C1]\]. This response is generated through gap junction intercellular communication (GJIC) between the target and adjacent cells by factors (reactive oxygen species (ROS), nitrogen species, or physical factors) secreted into the medium \[[@RRV039C2]--[@RRV039C5]\]. A variety of molecular and cellular endpoints have been documented in bystander cells, including alteration in protein expression \[[@RRV039C6]\], sister chromatid exchanges (SCEs) \[[@RRV039C7]\], micronuclei \[[@RRV039C8]\], apoptosis \[[@RRV039C9]\], and a decrease or increase in cell survival \[[@RRV039C1], [@RRV039C10]\].

Studies have provided evidence supporting the role of epigenetic regulators such as alteration in gene expression in the production of RIBEs. Evaluation of the changes in gene expression could help define the signalling pathways involved in these effects \[[@RRV039C2]\]. The mitogen-activated protein kinase (*MAPK*) pathway plays a vital role in regulating gene expression and in controlling cellular responses such as activation of growth, proliferation, differentiation and apoptosis. Multiple signal transduction pathways activated by ionizing radiation are mediated by the MAPK superfamily, including the extracellular signal--regulated kinase (ERK), c-Jun N-terminal kinase (JNK) \[[@RRV039C11]\].

The multiple stresses stimulating *JNK* activity include tumour necrosis factor, interleukin-1, ionizing and ultraviolet radiation, and DNA damage agents. Activation of *JNK* by stress stimuli is associated with apoptotic cell death. By contrast, *ERK* is strongly activated by growth factors and cytokines and plays a major role in regulating cell growth, survival and differentiation. The expression of these genes is related to tumour cell radio sensitivity \[[@RRV039C12]\]. The involvement of calcium and *MAPK* kinase signalling pathways in the production of RIBE has been evaluated, and it has been shown that these effects can induce change in *MAPK* proteins and downstream targets \[[@RRV039C13]\].

Furlong *et al*. analysed the transcriptional expression of *JNK* and *ERK* \[[@RRV039C14]\]. An unexpected response in which both *ERK* and *JNK* were downregulated was detected in bystander samples. Another study showed that inhibition of *ERK* can increase the number of bystander cells \[[@RRV039C15]\]. The intrinsic (mitochondrial) pathway of apoptosis functions in response to radiation following the reception of stress signals activates the pro- and anti-apoptotic *BCL*2 family. This interaction destabilizes the mitochondrial membrane and causes release of apoptotic factors \[[@RRV039C16]\]. An alteration in the *BCL2* protein level has been detected in bystander human keratinocytes exposed to signalling factors from microbeam-irradiated cells \[[@RRV039C6]\].

Differences in the *MAPK* pathway and *BCL2* family genes have been reported in directed and bystander cells for some human cell lines cultured in a monolayer \[[@RRV039C13], [@RRV039C14], [@RRV039C17]\], but these are not sufficient for explaining the mechanism of the pathways that affect bystander cells, especially in radioresistant tumours. The present study evaluated the bystander effect in human glioblastoma (U87MG) cells, with a focus on alteration of pro-apoptotic (*BAX* and *JNK*) and anti-apoptotic genes (*BCL2* and *ERK*). A 3D multicellular tumour spheroid model culture was used to mimic the *in vivo* conditions more closely than is possible in 2D culture systems and which is suitable for *in vitro* studies \[[@RRV039C18]\]. The medium transfer technique was employed to induce the bystander effect, and colony formation assay was used to evaluate cell death.

MATERIALS AND METHODS {#s2}
=====================

Cell line {#s2a}
---------

The human glioblastoma cell line U87MG (Pasteur Institute; Iran) was routinely cultured in Eagle\'s minimum essential medium (MEM) enriched with Earle\'s salts with L-glutamine (PAA; Germany), supplemented with 10% fetal bovine serum (FBS), (PAA; Germany), 500 U/ml penicillin and 200 mg/l streptomycin (Sigma; USA).

Monolayer culture {#s2b}
-----------------

Cells were cultured in a monolayer at a density of 250 000 cells/ml in T-25 tissue culture flasks. The cultures were maintained at 37°C in a humidified atmosphere of 5% CO~2~ to grow at 70--80% confluence to ensure maintenance in the logarithmic phase of growth. Cells were then harvested using a trypsinizing agent of 1 mM EDTA and 0.25% trypsin (w/v) (Sigma; USA) in phosphate buffer saline (PBS). Cell viability \>98% was confirmed using trypan blue exclusion criteria.

Spheroid formation {#s2c}
------------------

Spheroids were formed using the liquid overlay technique described by Carlsson and Yuhas \[[@RRV039C17]\]. The cells were seeded into T-25 tissue culture flasks coated with a layer of 1% agar (Bacto Agar; Difco; USA) and 10 ml of MEM supplemented with 10% FBS. The flasks were incubated at 37°C in a humidified atmosphere of 5% CO~2~ and half of the culture medium was replaced with fresh medium twice a week.

Irradiation and medium transfer {#s2d}
-------------------------------

Flasks containing spheroids with diameters of ∼100 μm were divided into three groups: direct irradiation, bystander, and control. The direct groups were irradiated at room temperature with 6-MV X-rays produced by a linear accelerator (Linac 600, GMV; Varian Medical Systems; USA).

The bystander group received medium from the target group, and the control (sham irradiated and sham bystander) flasks were handled under conditions similar to the target, but without irradiation. Irradiated cell conditioned medium (ICCM) was collected from the target and sham irradiated flasks incubated for 1 h at 37°C after irradiation. The transfer of medium was set up using the transfer technique developed by Mothersill and Seymour \[[@RRV039C1]\]. The ICCM pooled for the target and sham irradiated flasks was filtered through 0.22-μm acetate cellulose filters (Orange Scientific; Belgium) and transferred into bystander flasks. Control and target groups were then transferred into the fresh culture medium and incubated at 37°C.

Trypan blue exclusion test of cell viability {#s2e}
--------------------------------------------

The trypan blue test was used to determine the number of viable cells. A suspension of single cells from spheroid cultures was mixed with trypan blue at a ratio of 9 : 1 and the mixture visually examined under a light microscope. A viable cell displays clear cytoplasm and a nonviable cell displays blue cytoplasm. The percentage of cells with clear cytoplasm was reported as a measurement of the viability for each category of cells.

Colony formation assay {#s2f}
----------------------

To prepare single cells, spheroids were trypsinized with 300 μl of trypsin for 5 min after 24 h of irradiation and media transfer. These single cells were plated for the colony formation test. After 11 d of incubation, cultured cells were washed three times with PBS, fixed with 2% formaldehyde for 10 min, stained with 0.5% crystal violet and left at room temperature for 30 min to dry. The colonies were counted using an inverted microscope (Zeiss, Axiovert 405M; Germany), and those that contained \>50 cells were considered to have viable cells.

To investigate the ability of cells to establish colonies, different numbers of single cells (3000, 4000, 5000, 6000) from spheroids seeded onto 60-mm plates with 10 ml of MEM supplemented with 10% FBS were used to obtain an appropriate concentration of cells for evaluation. Plating efficiency was calculated using the following equation:$$\text{PE~}(\%){= ({numberofcolonies}/{numberofseededcells})}\, \times \,\text{100}.$$

RNA isolation {#s2g}
-------------

For both direct irradiated and bystander flasks, total RNA was isolated at 4 h and 24 h, after irradiation and media transfer. Total RNA was also isolated for control flasks. Spheroids were collected, washed twice with cold PBS, and processed for total RNA isolation using a total RNA extraction kit (Jenabioscience; Germany) according to the manufacturer\'s instructions. Total RNA was collected from ∼4 × 10^6^ cells. RNA optical density was analysed by spectrophotometer.

Complementary DNA synthesis {#s2h}
---------------------------

DNase treatment of RNA was performed. Up to 1 μg total RNA was converted into cDNA using AccuPower CycleScript RT PreMix (Bioneer; Korea) according to the manufacturer\'s instructions.

Optimization of primers {#s2i}
-----------------------

*BAX*, *ERK* and *JNK* primer sequences were obtained from Furlong *et al.* \[[@RRV039C14]\], and the *GAPDH* and *BCL2* primer sequences were designed using Primer3 software. *GAPDH* was used as an internal control to normalize target gene expression. Table [**1**](#RRV039TB1){ref-type="table"} lists the designated primer sequences. Annealing temperatures for all primers were optimized with thermal gradient PCR. Table 1.List of forward and reverse oligo sequences of genes used in this studyGeneForward oligo sequenceReverse oligo sequence*BAX*5′ AGGATGCGTCCACCAAGAAG 3′5′ AGACTGCCGTTGAAGTTGACC 3′*BCL2*5′ TTAGCCCCCGTGACCTCTTA 3′5′TGTGCTGCTATCCTGCCAAA 3′*ERK*5′ TTAGGGCTGTGAGCTGTTCC 3′5′ GGTACAGGAGTAGGAGGACT 3′*JNK*5′ TTAAAGCCAGTCAGGCAAGG 3′5′ GGTTGTGGGCATGTAGTTAC 3′*GAPDH*5′ CGCTCTCTGCTCCTCCTGTT 3′5′ CCATGGTGTCTGAGCGATGT 3′

RT-PCR {#s2j}
------

SYBR Green technology (AccuPower GreenStar qPCR Master Mix; Bioneer; Korea) was used for all qRT-PCR experiments using a Rotor-Gene (Corbett 6000; Australia). The reaction used 2 µl of cDNA product, 10 µl SYBR Green, 6 µl H~2~O and 2 µl of each primer (forward and reverse) for a total volume of 20 µl. The RT-PCR program consisted of a predenaturation step for 10 min at 95°C, denaturation for 15 s at 95°C, annealing for 45 s at 61°C, 60°C and 59°C and extension for 1 min at 72°C. Each sample was set up in triplicate (*n* = 3) and the means calculated.

Data analysis {#s2k}
-------------

The cycle threshold (CT) values provided by RT-PCR were used to calculate the relative fold expression according to 2^-ΔΔCT^ using normalization for endogenous control *GAPDH* and non-irradiated control samples.

Statistical analysis {#s2l}
--------------------

The data presented are from three independent experiments. Comparison between groups was performed using one-way ANOVA and the Scheffe *post hoc* test. A value of *P* ≤ 0.05 between groups was considered to be significant. The graph was created using Microsoft Excel 2010.

RESULTS {#s3}
=======

Viability results {#s3a}
-----------------

The percentage of viability of the cells was assayed using trypan blue dye exclusion as described. The range of viability for the control, radiation and bystander cells was 85.3--92.6%. Only the X-ray group showed a significant decrease in viable cells compared with the control group (*P* = 0.04; [Fig. **1**](#RRV039F1){ref-type="fig"}). Fig. 1.Viability percent using Trypan Blue dye 24 h after irradiation and medium transfer. Each bar represents the mean ± SD of the results for three independent experiments.

Clonogenic survival {#s3b}
-------------------

The results of colony formation for the various numbers of single cells showed that the optimum cell number for the best plating efficiency in the spheroids was ∼5000 ([Fig. **2**](#RRV039F2){ref-type="fig"}). Table [**2**](#RRV039TB2){ref-type="table"} provides the clonogenic survival data for cells treated with radiation or ICCM at 4 Gy. The difference between groups was determined using one-way ANOVA (F(3,12) = 36.652, *P* = 0.000). Table 2.Clonogenic survival data for U87MG spheroid culture exposed to 4 Gy irradiation and ICCMGroupMean no. coloniesS% PSDPV^c^%SF mean^b^SDRadiation control17319.713.460.39-Bystander control165.7521.823.310.430.952-Radiation60.0013.831.200.270.00034.688.11Bystander115.2514.172.300.280.00169.488.56[^1] Fig. 2.Plating efficiency using U87MG of various concentrations of cells of spheroids cultured in MEM supplemented with 10% FBS. Each bar represents the mean ± SD of the results for three independent experiments.

ICCM was less toxic than direct irradiation, but decreased the survival fraction to 69.48% compared with the control group. It is evident from the table that the bystander control had the same plating efficiency as the radiation control group.

RT-PCR results {#s3c}
--------------

Figures **[3](#RRV039F3){ref-type="fig"}--[6](#RRV039F6){ref-type="fig"}** compare the relative mean fold changes in gene expression levels for *BAX*, *BCL2*, *JNK* and *ERK* in U87MG spheroids at 4 h and 24 h after 4 Gy irradiation and medium transfer. Fig. 3.Relative fold-changes in gene expression levels of *BAX* in U87MG spheroid following 4-h and 24-h exposure to 4 Gy direct and bystander X-ray irradiation. Each bar represents the mean ± SD of the results of three independent experiments. Asterisk represents significant changes. Fig. 4.Relative fold-changes in gene expression levels of *BCL2* in U87MG spheroid following 4-h and 24-h exposure to 4 Gy direct and bystander X-ray irradiation. Each bar represents the mean ± SD of the results of three independent experiments. Asterisk represents significant changes. Fig. 5.Relative fold-changes in gene expression levels of *JNK* in U87MG spheroid following 4-h and 24-h exposure to 4 Gy direct and bystander X-ray irradiation. Each bar represents the mean ± SD of the results of three independent experiments. Asterisk represents significant changes. Fig. 6.Relative fold-changes in gene expression levels of *ERK* in U87MG spheroid following 4-h and 24-h exposure to 4 Gy direct and bystander X-ray irradiation. Each bar represents the mean ± SD of the results of three independent experiments. Asterisk represents significant changes. Fig. 7.BAX/BCL2 relative fold expression ratio in U87MG spheroid following 4-h and 24-h exposures to 4 Gy direct and bystander X-ray irradiation Each bar represents the mean ± SD of the results of three independent experiments.

BAX and BCL2 {#s3d}
------------

The relative expression of *BAX* ([Fig. **3**](#RRV039F3){ref-type="fig"}) increased in a transient fashion after 4 h in irradiated samples and then returned to the control level at 24 h, but the expression was not significant in the bystander samples (*P* \> 0.05). [Figure **4**](#RRV039F4){ref-type="fig"} shows that, at first, anti-apoptotic *BCL2* expression increased slightly and then decreased in directly radiated samples at 24 h following irradiation (*P* = 0.06). The bystander cells displayed stable downregulation at 4 h and 24 h (*P* \< 0.05).

Downregulation of *BCL2* expression without clear changes in *BAX* expression favoured apoptosis in both direct and bystander samples. The *BAX*/*BCL2* ratio ([Fig. **7**](#RRV039F7){ref-type="fig"}) shows the degree of vulnerability of cells to apoptosis in both direct and bystander cells.

JNK and ERK {#s3e}
-----------

Figure [**5**](#RRV039F5){ref-type="fig"} shows the mean fold change in pro-apoptotic *JNK* expression at 4 h and 24 h following irradiation and medium transfer. Significant upregulation was detected in bystander cells at 4 h (*P* = 0.04), but this was not significant for irradiated cells at 4 h (*P* = 0.06). Upregulation had decreased for both samples at 24 h.

The anti-apoptotic *ERK* expression did not display obvious changes in bystander samples at 4 h and 24 h. Expression from these samples increased slightly in comparison with control groups (*P* \> 0.05). *ERK* expression was dramatically upregulated at 4 h (*P* = 0.000) in direct cells ([Fig. **6**](#RRV039F6){ref-type="fig"}).

DISCUSSION {#s4}
==========

It is crucial to understand the underlying mechanisms for RIBE response for irradiated and non-irradiated tumour cells in order to design a more efficient plan for radiotherapy. The present study indicates that U87MG spheroid signals secreted transmissible factor into the medium generated by 6-MV X-ray radiation that was sufficiently strong to decrease the survival rate for non-irradiated U87MG spheroids over the long-term and to alter apoptosis gene expression as an early response.

A decrease in irradiated cell survival and viability as measured by colony formation assay and trypan blue assay results from the production of free radicals, but this decrement has a different mechanism for bystander cells and is probability initiated by the binding of ligands to cell surface receptors, such as TNF-related apoptosis-inducing ligands \[[@RRV039C19]\]. There is evidence that low-LET ionizing radiation can reduce the number of bystander cells in several normal and tumour cell lines, but there has been no evidence for radiation-induced cell death in bystander U87MG cells to date.

Boyd tested a dosage range of 0--9 Gy of external beam radiation to donor cells and found it caused 30--40% clonogenic cell kill in bystander cultures in the UVW/NAT glioma cell line \[[@RRV039C20]\]. Gow *et al*. reported bystander cell death in T98G glioma cells after exposure to ICCM by high-energy 20-MeV electrons at a dose rate of 10 Gy min^−1^, but their initial experiments produced no significant differences in bystander cell death from control levels for ^60^Co-ɣ rays and 20-MeV electrons at 1.7 Gy min^−1^. The author suggested a threshold of radiation stress was required to induce bystander cell death \[[@RRV039C21]\].

Ivanov and Hei did not detect non-targeted effects for irradiated U87MG on non-irradiated glioblastoma cells for cell death \[[@RRV039C22]\]. The major difference between Ivanov *et al*.\'s study and the present study is the type of cell culture model (monolayer versus spheroid). MCTS is generally considered to be a better model than 2D culture for predicting an *in vivo* response to treatment. Increased radioresistance of a spheroid culture in comparison with a monolayer culture has been reported \[[@RRV039C23]\], but there has been no evidence reported for bystander effects. A different mechanism exists for bystander effects in comparison with direct radiation effects and the importance of GJIC in bystander response. Further investigation of spheroid culture and the medium surrounding irradiated cells would be helpful.

The present study examined the relative expression of four apoptosis genes followed by either direct or bystander exposure to 4 Gy X-ray radiation. The *ERK* pathway is a *MAPK* signal transduction pathway that conveys signals from the cell surface to intracellular targets \[[@RRV039C12]\]. The activation of *ERK* protein depends on cell type \[[@RRV039C17]\] and has a transient nature \[[@RRV039C24]\]. The results indicate that relative expression varied between direct and bystander cells.

Transient upregulation of the *ERK* gene in direct samples emphasizes the radioresistance of this cell line. Studies carried out on glioma cells provide evidence for the role of this gene in modulating radiation-induced double-strand breakage and cell survival \[[@RRV039C15], [@RRV039C25]\]. The expression of this gene in response to bystander factors did not change in bystander samples at 4 h and 24 h. A previous study observed downregulation in the expression of *ERK* in bystander cells of irradiated normal human lymphoblastoid cells \[[@RRV039C17]\]. These contradictory results are due to the different cell lines used.

The *JNK* pathway is often called the stress-activated protein kinase pathway. Ionizing radiation activates their genes under a known mechanism \[[@RRV039C26]\]. The *JNK* genes are also activated by ROS, which have been found to be important signalling molecules involved in the production of bystander signals in glioma cells \[[@RRV039C27]\]. The *JNK* pathway activates caspases and regulates proteins implicated in apoptosis regulation, including *P53*, *BCL2* and *BAX*. This can be attributed to *JNK*-mediated *BAX*, *BAK* activation and *BCL2* downregulation in response to ionizing radiation.

The present study expected upregulation of *JNK* in bystander samples and a rising trend in direct samples at 4 h (as an early response) that would affect regulation of *BCL2* for both direct and bystander samples. The *JNK* was downregulated in bystander HaCaT cells, which could be the result of administration of such a low dose that the signal from the direct cells was not strong enough to induce the pro-apoptotic function of *JNK* in bystander cells \[[@RRV039C14]\]. The high dose used in the present investigation activated *JNK* expression. Higher activation in *JNK* suggests its distinct function in bystander cell death.

The pro-apoptotic *BAX* protein expression level is controlled by transcription factor *P53*. Ivanov *et al.* demonstrated suppression of *P53*--*BAX*-dependent apoptotic signalling in U87MG after irradiation \[[@RRV039C22]\]; thus, the lack of change in *BAX* expression in both direct and bystander cells can be justified. *BCL2* gene expression in bystander cells showed significant downregulation at 4 h and 24 h (*P* \< 0.05), but cells directly exposed showed a decreasing trend without significant change. As explained, early *JNK* upregulation could lead to downregulation of *BCL2* in bystander and direct groups.

The *BAX*/*BCL2* ratio is most strongly related to apoptotic progression, which makes investigation of mitochondrial death genes more useful. An increasing *BAX/BCL2* ratio in bystander spheroids at 4 h and 24 h following medium transfer indicates that apoptosis has been initiated. These data show the ability of irradiated U87MG spheroids to produce bystander signals that lead to a response by non-irradiated U87MG spheroids. From the downregulation of *BCL2* and upregulation of *JNK* in bystander groups versus upregulation of *ERK* in directly irradiated samples, it can be concluded that bystander cells have greater affinity for apoptosis. This should be confirmed by measuring the levels of apoptosis.
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[^1]: ^a^Standard deviation. ^b^Plating efficiency mean percent. ^c^*P*-value. ^d^Survival fraction mean percent. *P*-value ≤ 0.05 was considered significant.
